N-Acetylglucosaminyltransferase-IV (GnT-IV) has two isoenzymes, GnT-IVa and GnT-IVb, which initiate the GlcNAcβ1-4 branch synthesis on the Manα1-3 arm of the N-glycan core thereby increasing N-glycan branch complexity and conferring endogenous lectin binding epitopes. To elucidate the physiological significance of GnT-IV, we engineered and characterized GnT-IVb-deficient mice and further generated GnT-IVa/-IVb double deficient mice. In wild-type mice, GnT-IVa expression is restricted to gastrointestinal tissues, whereas GnT-IVb is broadly expressed among organs. GnT-IVb deficiency induced aberrant GnTIVa expression corresponding to the GnT-IVb distribution pattern that might be attributed to increased Ets-1, which conceivably activates the Mgat4a promoter, and thereafter preserved apparent GnT-IV activity. The compensative GnT-IVa expression might contribute to amelioration of the GnT-IVb-deficient phenotype. GnT-IVb deficiency showed mild phenotypic alterations in hematopoietic cell populations and hemostasis. GnT-IVa/-IVb double deficiency completely abolished GnT-IV activity that resulted in the disappearance of the GlcNAcβ1-4 branch on the Manα1-3 arm that was confirmed by MALDI-TOF MS and GC-MS linkage analyses. Comprehensive glycomic analyses revealed that the abundance of terminal moieties was preserved in GnT-IVa/-IVb double deficiency that was due to the elevated expression of glycosyltransferases regarding synthesis of terminal moieties. Thereby, this may maintain the expression of glycan ligands for endogenous lectins and prevent cellular dysfunctions. The fact that the phenotype of GnT-IVa/-IVb double deficiency largely overlapped that of GnT-IVa single 1 To whom correspondence should be addressed: Tel: +81-06-6879-8413; Fax: +81-06-6879-8413; e-mail: kohtsubo@sanken.osaka-u.ac.jp 2 These authors contributed equally to this work. deficiency can be attributed to the induced glycomic compensation. This is the first report that mammalian organs have highly organized glycomic compensation systems to preserve N-glycan branch complexity.
Introduction
Protein glycosylation is one of the most important posttranslational modifications that produce a highly complex structural repertoire, which is indispensable for precise regulation of biological functions (Hartiwanger and Lowe 2004; Ohtsubo and Marth 2006) . Glycans are constructed in an ordered sequential manner involving the distinct substrate specificities of glycosyltransferases and glycosidases in the endoplasmic reticulum (ER) and Golgi and occasionally on the cell surface. Protein N-glycosylation encompasses two major functions corresponding to the structural maturation stage of N-glycans. The high-mannose-type N-glycans appeared early in evolution and are conserved in both protozoa and metazoa. They play an important role in allowing only properly folded proteins to pass the quality control system in the endoplasmic reticulum and to move to the Golgi apparatus (Helenius and Aebi 2004) . The N-glycans are subsequently further processed by Golgi-resident glycosyltransferases and glycosidases and acquire complex branch structures bearing a variety of glycan moieties, which can be ligands for endogenous lectins (Kornfeld and Kornfeld 1985; Taylor and Drickamer 2007; Garner and Baum 2008) and confer particular features to the glycoproteins that carry these glycans (Perillo et al. 1998; Crocker et al. 2007; Rabinovich et al. 2007; Garner and Baum 2008) . Furthermore, mammalian glycans are formed by an endogenous portfolio of glycosyltransferases, glycosidases and substrates that reflect the cellular microenvironment and control the fine tuning of the glycan structures and the resulting cellular responses (Ohtsubo and Marth 2006; Taniguchi 2009 ). Thus, glycosylation defects should evoke a variety of abnormalities and disorders in specific cell types, tissues, and the whole body, reflecting the functional requirements. This is exemplified by comprehensive studies of glycosyltransferase-deficient mice. For example, the genetic inactivation of N-acetylglucosaminyltransferases (GnTs), which initiate the formation of particular branch structures on the mannose core of N-glycans, resulted in remarkable physiological dysregulations in vivo (Ioffe and Stanley 1994; Metzler et al. 1994; Priatel et al. 1997; Granovsky et al. 2000; Demetriou 2001; Wang et al. 2001; Bhattacharyya et al. 2002; Yang et al. 2003; Ohtsubo et al. 2005; Soleimani et al. 2008) .
In the past decade, the integral assembly of genetic sequence information accelerated the exploring of novel glycan processing enzymes and elucidated that GnT-IV and GnT-V have isoenzymes, GnT-IVa and GnT-IVb; GnT-V and GnT-IX (GnT-Vb), respectively, with inherent tissue distribution patterns (Shoreibah et al. 1993; Yoshida et al. 1998; Yoshida et al. 1999; Inamori et al. 2003; Kaneko et al. 2003; ) . GnT-IV and GnT-V are required for the formation of multiantennary complex-type N-glycans bearing ligands for galectins. The galectins are a family of lectins which preferentially bind and cross-link glycoproteins bearing β-galactosides. The binding avidity depends on the number and the antennary arrangement of N-glycans on glycoproteins (Lau et al. 2007 ) suggesting the precise spatial regulation of N-glycan antennae development in response to an evolutionary advantage of galectin binding. Expression of glycosyltransferases is concomitantly controlled by multiple transcriptional regulations to respond to a variety of cellular signaling. For example, promoters of the Mgat2 gene (encoding GnT-II), and Mgat5 gene (encoding GnT-V) commonly have cis-elements for the tissue-specific transcription factor, Ets-1, which predominantly controls their expression (Kang et al. 1996; Zhang et al. 2000) . The tumor-related GnT-V expression is considerably attributed to Ets-1-dependent trans-activation (Ko et al. 1999) . Elevated expression of GnT-IVa, -IVb and -V was found in many types of carcinoma cells (Kobata 1988; Nan et al. 1998; Takamatsu et al. 1999; Ide et al. 2006) and is well correlated with tumor malignancy (Asada et al. 1997; D'Arrigo et al. 2005) . In contrast, mice deficient in GnT-IVa or GnT-V demonstrated abnormalities arising from cellular dysfunctions evoked by the diminished cell surface residency of plasmalemmal glycoproteins, due to the impaired molecular interactions between N-glycan antennae and galectins on the cell surface (Demetriou et al. 2001; Partridge et al. 2004; Ohtsubo et al. 2005) . These studies demonstrated that the formation of proper antennal complexity on N-glycans is crucial for maintaining biological processes in normal contexts.
In this study, we engineered and characterized GnT-IVb deficient mice and further generated GnT-IVa/-IVb double deficiency in conjunction with comprehensive glycomic analyses by MALDI-TOF MS profiling to elucidate the fundamental enzymological function and biological significance of GnT-IV isoenzymes.
Results

Genetic inactivation of Mgat4b in mouse embryonic stem cells and production of mice bearing the homozygote mutation
To investigate the biological significance of GnT-IVa and -IVb isoenzymes, we characterized enzymatic activity using an in vitro cell culture system expressing recombinant enzymes, and found that the GnT-IVb has about 30% activity of GnT-IVa against an asialo-agalacto-bi-antennary N-glycan acceptor substrate (supplementary Figure 1) as previously described (Oguri et al. 2006) . These results suggest that each GnT-IV isoenzyme has particular in vivo functions, according to their temporal and spatial expression profiles. We have previously reported that Mgat4a exhibits a limited organ distribution pattern and is prominent in pancreas and gastrointestinal tissues (Ohtsubo et al. 2005) . In contrast, Mgat4b exhibited a broad organ distribution pattern ( Figure 1A) . We have investigated the in vivo function of GnT-IVa by engineering and characterizing GnTIVa-deficient mice and found that GnT-IVa deficiency evokes type 2 diabetes with impaired insulin secretion from pancreatic β cells that was due to GLUT2 misglycosylation coincident with reduced β cell surface residency (Ohtsubo et al. 2005) . Extensive in vivo analyses of GnT-IV isoenzymes were required to elucidate the physiological relevance of GnT-IV isoenzymes. To address this subject, we generated GnT-IVb-deficient mice. Eliminating GnT-IVb from the mouse germline was initiated by conditional mutagenesis of the Mgat4b allele in mouse embryonic stem (ES) cells using the Cre-loxP recombination system ( Figure 1B, C) . Exon 2, 3, and 4 of Mgat4b were flanked with loxP sites (F[tkneo] allele). Following Cre recombination and Gancyclovir selection, the parental Mgat4bF [tkneo] allele was converted to the conditional mutant Mgat4bF allele or to the deletion mutant Mgat4b allele. The genetic conversion of the Mgat4b allele was confirmed by southern blot analyses in conjunction with genetic and loxP-specific probes ( Figure 1D ). Genetic excision of exon 2, 3, and 4 causes a frame shift at the junction of exon 1 and 5, and newly generates a translational termination codon right after the junction (supplementary Figure 2A) . Therefore, the Mgat4b allele produces the truncated GnT-IVb lacking the catalytic domain, which should be enzymatically inactive ). This was confirmed by the GnT-IV enzyme assay of intact and mutant Mgat4b gene products (supplementary Figure 1) . The ES cells bearing the Mgat4bF allele were subjected to blastocyst injection and the germline-transmitted mice were bred into the C57BL/6J background for more than six generations. Systematic Mgat4b mutant mice were generated by breeding the Mgat4bF mice with ZP3-Cre transgenic mouse, which specifically expresses Cre recombinase in developing oocytes. Cre recombination excises the experimentally targeted DNA sequence between the two loxP sites on the Mgat4bF allele that results in a residual loxP site remaining in the target genetic locus as shown in Mgat4b allele (Shafi et al. 2000 ; Figure 1E ).
GnT-IVb deficiency induces aberrant Mgat4a expression to compensate for loss of GnT-IV enzymatic activity
Fundamental enzymatic contribution of GnT-IVb was elucidated by analyzing GnT-IV enzymatic activity in GnT-IVbdeficient mouse organs. Although the Mgat4b is broadly expressed among organs, only heart, testis, ovary, and bone marrow showed 30-50% reduction of GnT-IV enzymatic activity (Table I) , and others did not show apparent enzymatic alterations. Extensive analyses of the gene expression profile of the Mgat4a in GnT-IVb deficiency revealed that the Mgat4a expression was aberrantly upregulated among organs corresponding to the Mgat4b distribution pattern (Figure 2 ). The transcription factor binding motif search of the Mgat4a promoter revealed that the Mgat4a promoter has putative Ets-1 ciselements proximal to the transcription initiation site (TFBIND, http://tfbind.ims.u-tokyo.ac.jp/, Tsunoda and Takagi 1999; supplementary Figure 2B ). We analyzed Ets-1 expression in pancreas of GnT-IVb-deficient mouse and detected an extremely upregulated expression level (wt 100 ± 11; GnT-IVb deficiency 1249 ± 12, p < 0.0001) that should result in the compensatory expression of the Mgat4a. The increased Ets-1 expression might consequently contribute to preserve the GnT-IV enzymatic activity in GnT-IVb-deficient mouse organs. Furthermore, the increased Ets-1 expression was coincident with enhanced Mgat5 expression (Wt 100 ± 9; GnT-IVb deficiency 444 ± 33, p = 0.0005) that should also contribute to preserving N-glycan branch complexity. Indeed, we could not detect any major structural alteration of N-glycans in GnT-IVb-deficient mouse organs using MALDI-TOF glycomic methodologies (data not shown).
Blood chemistry and hematology of GnT-IVb-deficient mice
The segregation behavior of mutant alleles amongst offspring was normal and animals homozygous for either allele lacked overt physical, neurologic, or reproductive defects. Animals homozygous for the Mgat4bF allele were indistinguishable from wild-type littermates in all studies undertaken below (data not shown). Serological analyses of 8-to 12-week-old mice revealed that systematic inactivation of GnT-IVb evokes no major metabolic alterations, but a slightly elevated glucose and AST levels, slightly reduced ALT, and alkaline phosphatase levels, and moderately reduced LDL levels were detected (Table II) . Hematological characterization of GnT-IVb-deficient mice showed altered peripheral hematopoietic cell populations that included reduced circulating neutrophil number and cellularity, and increased lymphocyte cellularity. Mean Corpuscular Volume and mean Corpuscular Hemoglobin of erythrocytes were increased and the red cell distribution width (RDW) was decreased in GnT-IVb deficiency (Table II) .
Altered hemostasis and prolonged bleeding in
GnT-IVb-deficient mice We detected prolonged bleeding time among GnT-IVb-deficient mice (Table III) that implies altered hemostasis. Moreover, while GnT-IVb deficiency showed normal prothrombin time (PT), the activated partial thromboplastin time (APTT) was slightly prolonged in GnT-IVb deficiency. This might be a consequence of the altered coagulation factor levels or other blood hemostatic components, such as von Willebrand factor (vWF) caused by GnT-IVb deficiency. The altered platelet function also possibly changes hemostasis, even though GnT-IVb-deficient mice showed the normal platelet number (Table II) . We further characterized coagulation factor activity levels in GnT-IVb-deficient mice and found a slight increase of coagulation inhibitors (protein C and antithrombin), and a remarkable reduction of coagulation factor levels (factor VIII and vWF: about 30% decreased; factors II, V, VII, IX, and XII: about 10-20% decreased). The prolonged APTT and bleeding time are consistent with and likely due to those alterations (Table III) .
Complete elimination of GnT-IV enzymatic activity in GnT-IVa/-IVb double deficient mice
To elucidate the in vivo function of GnT-IV isoenzymes and their products, we generated GnT-IVa/-IVb double deficient mice by crossbreeding of GnT-IVa-and -IVb-deficient mice. The GnT-IV enzyme assay revealed that GnT-IVa/-IVb double deficiency completely abolished GnT-IV enzymatic activity in 18 tissues, which encompass all major organ systems in the mouse (Table I) . This indicates that no other GnT-IV isoenzymes are involved in the GnT-IV enzymatic activity in all the organs examined.
Comprehensive MS analysis of N-glycan structures in GnT-IVa/-IVb double deficient mouse pancreas
The results reported above indicated that only GnT-IVa and -IVb are responsible enzymes for forming the β1,4-GlcNAc branch structure on the α1,3-Man arm of N-glycans in various organs. Nevertheless it has recently been reported that a putative Mgat4c gene encodes a third GnT-IV isoenzyme (NCBI NM_001162368.1, NP_001155840.1). To confirm the functional relevance of GnT-IV isoenzymes to the protein Nglycosylation, we performed glycomic profiling of pancreas, kidney, small intestine, and testis from GnT-IVa/-IVb double deficient mice and their littermate controls by MALDI-TOF-TOF MS/MS fingerprinting and sequencing plus GC-MS linkage analysis of N-glycans isolated from tissue glycoproteins, as previously described . The glycomic profile of the permethylated N-glycans of the wild-type pancreas was characterized by high-mannose, truncated and complex-type structures ( Figure 3A and B upper panels). The assignments shown in the figure were arrived at by Table I ). The majority of the complex-type N-glycans were found to be core fucosylated, nonbisected, and corresponded to bi-, tri-, and tetraantennary structures, which are mostly endcapped with Galα1-3Gal epitopes although a minority of antennae are fucosylated. A great number of the tetra-antennary structures are extended with polylactosamine ( Figure 3A and B upper panels). Glycans bearing sialic acid caps were very minor and had only two or three short antennae (m/z 2852, 3693, and 4084).
Prominent structural alterations of N-glycans found in GnTIVa/-IVb double deficient mouse pancreas were (i) significantly reduced branching complexity, and (ii) increased abundance of the NeuGc-capped structures ( Figure 3A and B lower panels). The detected complex structures were core fucosylated, nonbisected, and corresponded to bi-or tri-antennary N-glycans bearing polylactosamine structures. The absence of tetra-antennary N-glycans was confirmed by the linkage analysis data which lacked 2,4-linked mannose (supplementary Table I ). The branch extension with polylactosamine was considerably facilitated on tri-antennary N-glycans ( Figure 3A and B, lower panel). The abundance of the fraction of sialic acid bearing N-glycans was substantially increased with bi-and tri-antennary glycans, without and with core fucose, carrying up to four sialic acids, being 
4.9 ± 0.1 4.8 ± 0.1 3.8 ± 0.5 Calcium (mg/dL) 9.1 ± 0.4 9.2 ± 0.1 7.6 ± 1.0 Phosphorus (mg/dL) 10.3 ± 0.3 10.2 ± 0.3 7.3 ± 1.1 Magnesium (mg/dL) 3.7 ± 0.1 3.6 ± 0.1 2.5 ± 0.3 Total protein (g/dL)
4.2 ± 0.2 4.2 ± 0.0 3.9 ± 0.2 Albumin (g/dL)
1.3 ± 0.0
66.9 ± 17.4 82.9 ± 7.6 84.4 ± 25.3 ALT (SGPT) (IU/L) 25.1 ± 3.0 19.1 ± 1.7 29.8 ± 9.7 Alkaline phosphatase (IU/L) 101.0 ± 7.0 89.6 ± 7.8 110.3 ± 28.6 Cholesterol (mg/dL) 56.4 ± 2.2 55.9 ± 2.2 60.6 ± 8.1 HDL-cholesterol (mg/dL) 46.7 ± 2.6 48.0 ± 2.5 52.9 ± 6.1 LDL-choresterol (mg/dL) 2.6 ± 0.7 0.9 ± 0.3 (p < 0.05) 0.3 ± 0.6 Triglycerides (mg/dL) 50.1 ± 3.7 51.5 ± 4.6 60.0 ± 19.6
Wild type (n = 48) Figure 3A , lower panel). MALDI-TOF-TOF-MS/MS provided evidence for the above structural alterations. (i) The N-glycan at m/z 3755 from wild-type and GnT-IVa/-IVb double deficiency was subjected to tandem MS and the results are depicted in Figure 4A and B, respectively. The extensive fragment ion analyses revealed that the ion at m/z 3755 of the wild-type pancreas corresponded mainly to tetra-antennary, and to a lesser extent, triantennary N-glycans with a lactosamine extended unit, and that of the GnT-IVa/-IVb double deficient mouse pancreas corresponded to a tri-antennary N-glycan with a lactosamine extended unit as indicated in the insets of Figure 4A and B.
(ii) Compositional analyses consistent with the isotopic distribution of the zoomed scan of the m/z 3693-3695 molecular ion cluster of wild-type pancreas ( Figure 4C ), complemented by the fragment ion information arising from collisional activation ( Figure 4D ), indicated that this cluster corresponded mainly to a core fucosylated tetra-antennary structure bearing two fucosylated antennae, and, to a lesser extent, triantennary structures capped with either NeuGc or a combination of Galα1-3Gal and fucosylated epitopes ( Figure 4C and D) . In contrast the GnT-IVa/-IVb double deficiency data corresponded almost exclusively to the triantennary glycan capped with NeuGc and lacking core fucose (Figure 4E and F) . The molecular ion cluster detected at m/z 4084-4086 in wild-type and GnT-IVa/-IVb double deficiency was similarly confirmed to be a triantennary NeuGc-sialylated glycan in the GnT-IVa/-IVb double deficiency, but was mostly a core fucosylated tetra-antennary glycan capped with Galα1-3Gal, Fuc, and NeuAc in the wild-type (see annotations on Figure 3 ; data not shown). The profiling of glycosyltransferase expression levels in pancreas revealed that the increased branch extension with polylactosamine and sialylated glycans could be attributed to the increased expression of UDP-GlcNAc:β-Galactoside β-1,3-N-acetylglucosaminyltransferase-1 (β3GnT1) (Sasaki et al. 1997 ) (wt 100 ± 13; IVa/IVb deficiency 220 ± 26, p = 0.0040), β3GnT2 (Zhou et al. 1999; Shiraishi et al. 2001 ) (wt 100 ± 5; IVa/IVb deficiency 228 ± 6, p < 0.0001), UDP-Gal:βGlcNAc β-1,4-galactosyltransferase (β4GalT)-I (wt 100 ± 4; IVa/IVb deficiency 165 ± 8, p = 0.0018), β4GalT-II (wt 100 ± 9; IVa/IVb deficiency 151 ± 14, p = 0.0399), β4GalT-III (wt 100 ± 9; IVa/IVb deficiency 253 ± 9, p = 0.0003), β-galactoside α-2,6-sialyltransferase (ST6Gal)-I (wt 100 ± 6; IVa/IVb deficiency 400 ± 45, p = 0.0027), and β-galactoside α-2,3-sialyltransferase (ST3Gal)-IV (wt 100 ± 7; IVa/IVb deficiency 189 ± 10, p = 0.0021). Increased expression of fucosyltransferase (Fut)-4 (wt 100 ± 10; IVa/IVb deficiency 215 ± 24, p = 0.0113), and Fut-7 (wt 100 ± 2; IVa/IVb deficiency 180 ± 72, not statistical significant) were also detected, but they were not reflected to the aspect of the glycomic profile of pancreas. Glycomic analysis and GC-MS linkage analysis of kidney, small intestine, and testis of GnT-IVa/-IVb double deficiency also showed the complete loss of tetra-antennary glycans and the absence of 2,4-linked mannose (supplementary Figures 3-5,  supplementary Table I and data not shown). Like the pancreas, the loss of tetra-antennary structures is frequently accompanied by concomitant increases in polylactosamine-containing bi-and tri-antennary glycans of the same overall compositions. This is most clearly exemplified by the Lewis X (Le X )-rich glycans giving molecular ions at m/z 4127, 4301, 4533, and 4751 in the kidney data which are of comparable abundance in GnT-IVa/-IVb double deficiency and wild-type, despite having very different branching arrangements (supplementary Figure 3 , panels A and B). Notably the Le X aggregate is broadly similar in the GnT-IVa/-IVb double deficiency and wild-type because antennae consisted of tandem repeats of this epitope are, on average, longer in the former.
The O-glycomic profile of all examined wild-type and GnTIVa/-IVb double deficient mice tissues did not reveal any significant difference between them (data not shown). Therefore it was assumed, as expected, that the GnT-IV enzyme activity did not play any role in O-glycans biosynthesis. The above results indicate that GnT-IVa and GnT-IVb are the sole responsible enzymes for producing the β1,4-GlcNAc branch structure on N-glycans and contributing to maintaining the N-glycan branch complexity in vivo.
Blood chemistry and hematology of GnT-IVa/-IVb double deficient mice
GnT-IVa/-IVb double deficient mice showed significantly elevated blood glucose and slightly increased AST relative to wildtype mice. These levels are similar to those in GnT-IVa-deficient mice (Ohtsubo et al. 2005 ). Although no other major alterations were detected in the serum chemistry of GnT-IVa/-IVb double deficiency, some factors reflecting renal function that are possibly symptomatic of diabetic nephropathy were moderately changed: creatinine, calcium, phosphorus, magnesium, and total protein (Table II) . However more extensive analyses regarding kidney function in GnT-IVa/-IVb double deficiency are required to clarify the role of hyperglycemia in the development of diabetic nephropathy.
GnT-IVa/-IVb double deficient mice were indistinguishable from their littermates on general hematological analyses (Table II) .
Discussion
In the past decade, understanding of the biological significance of protein N-glycosylation has been considerably enhanced, so it has been revealed that precise N-glycosylation of specific proteins is required for regulating dynamic cell responses to properly maintain the biological systems (Priatel et al. 1997; Demetriou et al. 2001; Wang et al. 2001; Ohtsubo et al. 2005) . To date, isoenzymes have been identified for two glycosyltransferases (GnT-IV and GnT-V) that play unique and essential roles in the biosynthesis of multiantennary complex N-glycans (Gleeson and Schachter 1983) . Because expression of these isoenzymes is spatially regulated ( Figure 1A , Inamori et al. 2003 , Kaneko et al. 2003 , Ohtsubo et al. 2005 , the tissue and cellular locations of N-glycan complexity may be important for maintaining normal biological functions. Indeed, Mgat4a expression was upregulated in GnT-IVb-deficient mouse organs, and the apparent total GnT-IV enzymatic activities were preserved at comparable levels to wild type ( Figure 2B , and Table I ). This aberrant expression of GnT-IVa should compensate for the lost GnT-IV enzymatic activity arising from GnT-IVb deficiency thereby ameliorating any systemic abnormalities that might be expected to result from GnT-IVb deficiency. Conceivably, this compensation is genetically controlled by Ets-1-dependent trans-activation of the Mgat4a gene. Ets-1 is known as a key regulator of cell growth and development (Wasylyk et al. 1993) , which binds and trans-activates the Mgat5 promoter (Kang et al. 1996; Ko et al. 1999 ). In agreement with elevated Ets-1 expression in GnT-IVb deficiency, Mgat5 expression was significantly upregulated. These findings suggest that the GnT-IVb deficiency evokes Ets-1 expression and considerably induces expression of GnT-IVa and -V that should contribute to increase and preserve N-glycan branch complexity. In contrast to GnT-IVb deficiency, GnT-IVa deficiency did not induce Mgat4b expression in any tissues (data not shown). These findings suggest that GnT-IVb-dependent glycosylation is a molecular switch to maintain the whole protein N-glycosylation profile, while GnT-IVa-dependent glycosylation is not. This might be attributed to the different enzymological characteristics between GnT-IVa and GnT-IVb. Although these enzymes have identical glycan acceptor substrate specificities (Oguri et al. 2006) , they may differ in their preferences for the proteins that carry Figure 3 were subjected to tandem MS and the results are shown in (A) and (B), respectively. Structures labeled with "M" and "m" indicate major and minor abundances, respectively. The horizontal arrows on the spectra indicate losses from the molecular ion [M+Na] + of the designated N-glycan sequences in insets. (A) In the wild-type pancreas, the ion m/z 690 established the presence of Galα1-3Gal epitope, while the ions at m/z 3292, 3088, and 2639 corresponded to losses of HexHexNAc, Hex 2 HexNAc, and Hex 3 HexNAc 2 respectively. Moreover, the signal at m/z 3303 corresponded to the loss of FucHexNAc from the reducing side of the glycan, indicative of core fucosylation. (B) In the GnT-IVa/-IVb double deficient pancreas, the spectrum was characterized by substantial differences suggesting structural alterations; compare the ratios of the ions at m/z 2639 and 3088 between the wild-type and GnT-IVa/-IVb double deficiency pancreas. Signals present at m/z 3695 (wild-type) and 3693 (GnT-IVa/-IVb double deficiency) in Figure 3 were zoomed in (C) and (E), respectively. Structures that show sugars outside a bracket have not been unequivocally defined. Those ions were subjected to tandem MS and the results are represented in (D) and (F), respectively. MALDI-TOF-TOF MS/MS of the above two ions established the presence of a fucosylated terminated antenna (m/z 660), of a Galα1-3Gal epitope (m/z 690), and of terminated NeuGc antenna (m/z 877). (D) In the wild-type mouse pancreas, the spectrum was characterized by dominant fragment ions at m/z 2839, 3028, and 3058 corresponding to losses of HexHexNAcNeuGc, Hex 2 HexNAc, and FucHexHexNAc respectively. The fragment ions at m/z 3232 and 3288 corresponded to losses of HexHexNAc and NeuGc respectively. The above data taken together indicated the presence of three different structures as indicated in the inset of Figure 4D . (F) In the GnT-IVa/-IVb double deficient pancreas, the spectrum was characterized by losses (m/z 1983, 2433, 2839, and 3288) and fragment ions (m/z 877) corresponding mainly to the structure indicated in Figure 4F . the glycans. Indeed, GnT-IVa-deficient mice showed a diabetic phenotype due to the misglycosylation of GLUT2 in pancreatic β cells (Ohtsubo et al. 2005) , even though Mgat4b is expressed. While in GnT-IVb deficiency, the aberrant induction of the GnT-IVa-dependent protein N-glycosylation could compensate for the GnT-IVb-deficient phenotype and, moreover, might induce some cellular defects in organs relevant to hematopoiesis and hemostasis. This speculation was supported by the observation that GnT-IVa/-IVb double deficient mice were normal in hematopoiesis (Table II) .
GnT-IVb deficiency evidently showed impaired hemostasis as prolonged APTT and bleeding time that should be consequences of the increased antithrombin and protein C levels and decreased factor II, V, VII, VIII, IX, XI, XII, and vWF levels (Table III) . APTT is affected by factor II, V, and X levels in a common pathway and particularly by factor VIII, IX, and XII in the intrinsic pathway. Therefore, the decreased factor II, V, VIII, IX, and XII levels must result in prolonged APTT in GnT-IVb deficiency. Bleeding time is generally controlled by fibrinogen, factor II, V, VII, IX, X, XI, XII levels, and platelet number and function. The decreased factor II, V, VII, VIII, IX, XI, and XII levels contribute to the prolonged bleeding time in GnT-IVb deficiency. The elevated antithrombin and protein C levels also contribute to the observed prolonged bleeding time. Liver is a major organ to produce coagulation factors, such as fibrinogen, coagulation factor II, V, VII, IX, X, and XI, and anticoagulants, such as protein C and antithrombin. Furthermore, liver plays an important role to dispose circulating plasma proteins. Therefore, these findings imply that the N-glycan complexity of specific glycoproteins in the liver is crucial for the production, stability, and clearance of specific coagulation factors and anticoagulants in circulation. However, the detailed pathogenesis of these abnormalities in GnT-IVb deficiency awaits future research.
The biological significance of GnT-IVb in the human disease process still remains unknown. However, it has recently been reported that the GnT-IVb is dominantly expressed in pancreatic cancer tissues, while GnT-IVa is dominantly expressed in surrounding normal tissues (Ide et al. 2006) . This suggests that GnT-IVb is involved in tumorigenesis and cancer progression.
N-Glycosylation confers glycan ligands for endogenous lectins on various proteins. The formation of plasmalemmal glycoprotein-endogenous lectin complex prevents endocytosis and prolongs cell surface residency of the glycoprotein, that is essential for proper cellular responses to the fluctuating microenvironmental factors (Garner and Baum 2008) . The galectins are a family of lectins that preferentially bind and crosslink glycoproteins bearing β-galactoside. The binding avidity depends on the number and the complexity of the antennae of N-glycans (Lau et al. 2007 ). Hence, GnT-IV isoenzymes fundamentally contribute to the galectin-mediated glycoprotein clustering on the cell surface. We previously reported that the β cell glucose transporter 2 (GLUT2) is glycosylated by GnTIVa, which confers tetra-antennary N-glycan as the ligand for galectin-9 (Ohtsubo et al. 2005) . In the present study, we performed glycomic profiling of N-glycans derived from organs of wild-type and GnT-IVa/-IVb double deficient mice by employing ultrahigh sensitive MALDI-TOF-TOF instrumentation. The glycomic profiling of N-glycans in wild-type mouse organs revealed that tetra-antennary N-glycan structures are abundantly expressed in pancreas and small intestine, which have strong GnT-IV enzymatic activities (Figure 3, supplementary Figure 4 , and Table I ). The genetic elimination of GnT-IVa and GnT-IVb completely abolished GnT-IV enzymatic activity that resulted in the disappearance of the GlcNAcβ1-4 branch on the α1-3 Man arm of N-glycans in all mouse organs examined (Figure 3 , supplementary Figures 3-5 and data not shown). Furthermore, the N-glycan antennae were elongated with linear polylactosamine structures (Figure 3 ) that can be a suitable galectin ligand (Hirabayashi et al. 2002) . In GnT-IVa/-IVb double deficiency, therefore, the loss of the GlcNAcβ1-4 branch structure should consequentially diminish the avidity to galectin-9.
It has been reported that the N-terminal carbohydrate recognition domain (NCRD) of mouse galectin-9 preferentially binds to α2,3-sialylated N-glycans (Nagae et al. 2008) . Interestingly, the abundance of the sialic acid-capped N-glycans was apparently increased in GnT-IVa/-IVb double deficient pancreas (Figure 3) that should increase the binding avidity of some fractions of glycoproteins to galectin-9 and might compensate the lost GlcNAcβ1-4 branch function in GnT-IVa/-IVb double deficiency. In GnT-IVa/-IVb double deficiency, the defect in the cell surface residency of receptor glycoproteins might alter the cellular signaling and change glycosyltransferase expression profile including increased expressions of β3GnT-1,-2, β4GalT-I, -II, -III, ST3Gal-IV, ST6Gal-I, and Fut-4, -7 that conceivably contribute to increase polylactosamine structure and to preserve the abundance of terminal glycan epitopes on N-glycans.
Similar compensation of glycan ligand formation was observed in kidney. The obtained glycomic profile of kidney was consistent with previous reports that the presence of Lewis X (Le X ) epitopes in bisected and core fucosylated bi-(m/z 2663 and 2837), tri-(m/z 3286 and 3461) and tetra-antennary (m/z 3910 and 4084) complex structures (supplementary Figure 3A and C) (Chui et al. 2001; Comelli et al. 2006) . However, the greater sensitivity achieved with the current MALDI-TOF-TOF instrumentation, compared with the mass spectrometers used in the previous work, has enabled the detection in the kidney of families of high-molecular-weight glycans carrying polylactosamine antennae. Some of these antennae are capped with NeuGc but the majority carry tandemly repeated Le X epitopes (supplementary Figure 3A and B, m/z 4000-5500). In GnTIVa/-IVb double deficiency, the GlcNAcβ1-4 branch had disappeared, while the molecular ion abundances in the MALDI-TOF spectra were not substantially altered. This was due to the significantly increased Le X epitope expression on tandemly repeated LacNAc on the N-glycan branches (supplementary Figure 3B  and D) . Therefore, the overall density of the Le X epitope was preserved in GnT-IVa/-IVb double deficiency. The Le X epitope is also called CD15 and SSEA-1 (stage-specific embryonic antigen 1), which is expressed on neutrophils and mediates phagocytosis and chemotaxis (Kerr and Stocks 1992) , and also represents a marker for murine pluripotent stem cells, in which it plays an important role in adhesion and migration of the cells in the preimplantation embryo (Muramatsu T and Muramatsu H 2004) . Although the role of the Le X epitope on N-glycans in kidney still remains unknown, the preserved expression of the Le X epitope in GnT-IVa/-IVb double deficiency implies that abundant expression of the Le X epitope on N-glycans is indispensable for maintaining kidney functions.
Since mouse Mgat4a and Mgat4b are separately localized at the chromosomal position 1B and 11B1.3, respectively, the mutant alleles should independently segregate and the natality of offspring from the Mgat4a/Mgat4b heterozygote breeding should be consonant with Mendelian inheritance manner. Nevertheless, the natality of offspring harboring mutant Mgat4b homozygote was reduced by combination with mutant Mgat4a allele(s), (supplementary Figure 6) . The degree of reduction was correlated with the number of mutant Mgat4a alleles. This is well explained by the abolition of enzymatic compensation attributed to the aberrant Mgat4a expression in GnT-IVb deficiency. These results suggest that the GnT-IV-dependent glycosylation in reproductive organs and/or in embryo is important for maintaining normal prenatal ontogeny. This is the first report that mammalian organs have highly organized glycomic compensation systems to preserve the Nglycan branch complexity. The molecular mechanism still remains unknown, but it is anticipated that more extensive analyses of the GnT-IVa/-IVb double deficient mice should contribute to revealing the detail.
Material and methods
Mgat4b expression and mutagenesis
Mouse Mgat4b cDNA clones, GT4F7/GT4R6 and GT4F3/ GB5, were obtained by RT-PCR with primers: GT4F7, ATC GGGGGAGATGAGGCTCCGCAATGGCAC; GT4R6, GTGG TCCAGCAGCCAGTCAATGGGCT; GT4F3, CTTCAGCCC GCCGTACAGATTGGC; GB5, CAGTAGACTTCACAAGA GGTAGTGTTCA, and were used as probes to isolate Mgat4b genomic DNA clones from a 129/SvJ genomic DNA bacteriophage library (Stratagene, San Diego, CA). Chimeric mice were generated from C57BL/6 blastocyst-stage embryos and ES cells bearing the conditional (F, type 2) Mgat4b mutation (Figure 1A, B) . Female mice bearing a germline Mgat4bF allele and the Zp3-Cre transgene (Shafi et al. 2000) were bred to acquire offspring containing the Mgat4b allele.
Northern blot analysis
Total RNA was prepared from mouse tissues according to a single-step procedure. Total RNA (15 μg) was denatured in the RNA sample-loading buffer (Sigma Aldrich Corp., St. Louis, MO) followed by electrophoresis in 1% agarose/formaldehyde gel. The separated RNA was then transferred to a Hybond N + nylon membrane (Amersham Biosciences, Piscataway, NJ). Mgat4b and Mgat4a cDNA probes were prepared by random oligonucleotide priming with [α-32 P] dATP (Perkin Elmer) and the Klenow fragment of DNA polymerase (PrimeIt II Random Primer Labeling Kit, Stratagene). The template cDNA fragments were amplified with PCR using the following primers: Mgat4b sense, TTATCCGGTTCCGCTTCTTCCAGC; Mgat4b anti-sense, GACCCACACCGGGGAGT-CAGTCTG; Mgat4a sense, TTATCCGGTTCCGCTTCTTCCAGC; Mgat4a anti-sense, GACCCACACCGGGGAGTCAGTCTG. The blots were hybridized with each probe in the Rapid-hyb buffer (Amersham Biosciences) at 65
• C for 5 h. Next, the filters were washed three times in 2× SSC/1.0% SDS at 65
• C for 20 min, once in 0.5× SSC/0.5% SDS at 65
• C for 30 min and three times in 0.1× SSC/0.1% SDS at 65
• C for 20 min. Then, the relative emissions of Mgat4b or Mgat4a signals were detected using a BioMax MS X-ray film (Kodak, Rochester, NY).
Quantitative PCR
Mouse tissue samples for real-time quantitative PCR (RT-Q-PCR) were collected from about 5 months old mouse in each genotype. Total RNA was extracted using RNAiso-plus (Takara, Ohtsu, Japan). cDNA was synthesized by using the Transcriptor First Strand cDNA Synthesis Kit (Roche) as manufacturer's instructions. Amplification of specific PCR products was carried out with THUNDERBIRD SYBR qPCR mix (TOYOBO, Tsuruga, Japan). Primers were used at 300 nM each in 20 μL reactions. Cycle parameters were as follows: a denaturation step at 95
• C for 3 min, and 40 cycles composed of 15 s denaturation step at 95
• C, 10 s annealing at 59
• C, and 25 s polymerization at 72
• C. Total RNA from each sample was analyzed in triplicate for each target RNA in separate wells. RT-Q-PCR was performed on the Mx3000P Real-Time QPCR System (Stratagene). We used the following oligonucleotide sequences: RPL4 forward primer, GTTCAAAGCTCCCATTC GAC; RPL4 reverse primer, AATTCACTGACGGCATAGGG; Fut-4 forward primer, CGTGGACGATTTCCCTAATG; Fut-4 reverse primer, TTGCTCATCCCAGAAAGAGG; Fut-7 forward primer, CCACCTACGAGGCTTTTGTG; Fut-7 reverse primer, CATTCATGCTGACGAGGAAG; ST6Gal-I forward primer, TAAGGAAGGCGTTCAGATCC; ST6Gal-I reverse primer, CAGCCTGGGGTTAAGTTTTG; ST3Gal-IV forward primer, AGCCTCGAAAGATCAAGCAG; ST3Gal-IV reverse primer, GATAGCCAAAGCCAGCAATG; B4GalT-I forward primer, TGGCAAAGAAGAACCCAGAG; B4GalT-I reverse primer, GGTTACGGAATGGGATGATG; B4GalT-II forward primer, TCAACGTGGGCTTCCTAGAG; B4GalT-II reverse primer, AGATTGCGGTCATCCATAGG; B4GalT-III forward primer, TACTTTGGCGGAGTTTCAGC; B4GalT-III reverse primer, TGGTAGCAATGTCGTCATCC; β3GnT-1 forward primer, GCTGAACGAAGGTTTTCTGG; β3GnT-1 reverse primer, GTTTGAACTGGCGGTAAAGG; β3GnT-2 forward primer, CGTGTTTGTGAACACCCATC; β3GnT-2 reverse primer, AGCATTGTGGATCACGTCAC; Ets-1 forward primer, ATCTCGAGCTTTTCCCTTCC; Ets-1 reverse primer, GTCGCTGCTGTTCTTTTGTG; Mgat5 forward primer, ACAACAGCTTTCTGGGCTTC; Mgat5 reverse primer, TTGCCATACACAAGGGACTG. Expression levels of the genes of interest were normalized to ribosomal protein L4 and calculated based on the CT method (Livak and Schmittgen, 2001) . The results were expressed as the percent ratio to RPL4.
Mouse breeding and maintenance
The Mgat4b and Mgat4bF alleles were bred into the C57BL/6 background at least six generations prior to producing offspring for study. Mice were housed in specific pathogen-free conditions. Animals were ordinarily used between 6 and 10 weeks of age and in compliance with standards and procedures approved by the University of California, San Diego Institutional Animal Care and Use Committee.
Determination of GnT-IV activity
Assays of GnT-IV activity were measured in tissue homogenates by reverse-phase HPLC according to the method of Oguri et al. 1997 , which was a modification of the method of Nishikawa et al. (1990) . The substrate Gn2(2 ,2) core-PA [GlcNAcβ1-2 Manα1-6(GlcNAc β1-2Man α1-3) Manβ1-4GlcNAc β1-4GlcNAc-PA] was prepared as reported previously (Tokugawa et al. 1996) . In briefly, 70 μg of enzyme solution was incubated at 37
• C for 1 h or 4 h with the 125 mM MOPS buffer, pH 7.3, containing 0.2 mM substrate, 20 mM UDP-GlcNAc, 7.5 mM MnCl2, 200 mM GlcNAc, 0.5% (w/v) Triton X-100, 10% glycerol, and 5 mg mL −1 bovine serum albumin in total volume of 20 μL. Twenty microliters of water was added after the incubation, and the enzyme reaction was stopped by boil for 2 min. The specific activity of enzyme was expressed as moles of products per hour of incubation per milligram of protein.
Serum Chemistry
Mice were anesthetized with inhalation of a mixture of 3.5% isoflurane with oxygen in an induction chamber. Blood samples were collected from orbital sinus and allowed to clot in Serum Separator Tubes (Becton Dickinson, Mountainview, CA) for at least 3 h at room temperature, and then the serum was collected by centrifugation at 7000 × g for 5 min. Serum chemistry analysis was performed using a Beckman CX-7 automated chemistry analyzer with a general coefficient of variation of <5%.
Hematology
Blood from the orbital sinus bleed of anesthetized mice with inhalation of a mixture of 3.5% isoflurane with oxygen in an induction chamber were collected into EDTA-containing polypropylene microtubes (Becton Dickinson, NJ). Whole EDTA blood samples are analyzed in duplicate for CBC with leukocyte differential and platelet count on a Hemavet 950 Multi Species Hematology System (DREW Scientific Inc.) programmed with mouse hematology settings.
Bleeding time
Mice are anesthetized by inhalation of a mixture of 3.5% isoflurane with oxygen in an induction chamber and then maintained with a nose cone in a warm brass cone restraint. Each tail of horizontally restrained mouse is transected 2 mm from tip with razor blade, and then immersed vertically 2 cm below the surface of 37
• C saline. Time until bleeding stop for at least 10 s is recorded. After that, the tail is withdrawn from saline and the tip is cauterized to stop bleeding.
Coagulation
Up to 1 mL of blood was quickly collected by cardiac puncture of mouse anesthetized as for hematology using a 1 mL plastic syringe with 25 gauge needle containing 30 mL buffered citrate (0.06 mole/L sodium citrate, 0.04 mole/L citric acid, pH 7.4). Blood was poured into a plastic tube containing sufficient additional citrate to achieve the final ratio of nine parts whole blood to one part citrate, and immediately mixed well. Citrated platelet poor plasma is prepared from citrated blood by centrifugation twice at 2000 × g for 15 min at 22
• C. VWF analysis was performed as described previously. Factor VIII and other factors were analyzed as described elsewhere.
Homogenization of mouse tissues
Mouse tissues were homogenized as described previously (Sutton-Smith and Dell 2006) . Briefly kidney, pancreas, small intestine, and testes tissues were homogenized using a 130 W Vibra-Cell ultrasonic processor (VC 130 PB, Sonics & Materials Inc.) within a sound-abating enclosure in the extraction buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, and 1% (3-[(3-Cholamidopropyl)dimethyl-ammonio]-1-propane sulfonate, CHAPS at pH 7.4). The homogenized tissues were then dialyzed against 4 × 4.5 L of ammonium bicarbonate (50 mM, pH 8.5) at 4
• C for 48 h. After dialysis, the samples were lyophilized.
Reduction and carboxymethylation
Reduction and carboxymethylation were carried out using an established procedure (Dell et al. 1993) . Each homogenized tissue was reduced in 2 mL 4 M guanidine-HCl (Pierce, Cramlington, Northumberland, UK), 0.6 M Tris-HCl buffer, pH 8.5 (adjusted with HCl), containing 2 mg mL −1 dithiothreitol at 50
• C for 2 h. Carboxymethylation was carried out by the addition of 2 mL of iodoacetic acid (5-fold molar excess over dithiothreitol), and the reaction was allowed to proceed at room temperature in the dark for 2 h. Carboxymethylation was terminated by dialysis against 4 × 4.5 L of ammonium bicarbonate (50 mM, pH 8.5) at 4
• C for 48 h. After dialysis, each sample was lyophilized.
Tryptic digestion
The reduced carboxymethylated proteins were digested with TPCK pre-treated bovine pancreas trypsin (EC 3.4.21.4, Sigma), for 24 h at 37
• C in the ammonium bicarbonate buffer (50 mM, pH 8.4). The products were purified by C 18 -Sep-Pak (Waters Corp., Hertfordshire, UK) as described previously (Dell et al. 1993) .
PNGase digestion of glycopeptides
PNGase F (EC 3.5.1.52, Roche Applied Science, Burgess Hill, UK) digestion was carried out in 250 μL of ammonium bicarbonate (50 mM, pH 8.5) for 24 h at 37
• C using 3 U of enzyme. A second aliquot of enzyme (3 U) was added after 12 h. The reaction was terminated by lyophilization and the released Nglycans were separated from peptides and O-glycopeptides by Sep-Pak C 18 (Waters Corp, Hertfordshire, UK) as described previously (Dell et al. 1993 ).
Reductive elimination O-Glycans were released by reductive elimination in 400 μL of 0.1 M potassium borohydride (54 mg/mL of potassium hydroxide in water) solution at 45
• C for 24 h. The reaction was terminated by the dropwise addition of glacial acetic acid, followed by Dowex 50W-X8 (H) 50-100 mesh (Sigma) chromatography and borate removal by co-evaporation with 10% (v/v) acetic acid in methanol (Dell et al. 1993; Sutton-Smith and Dell 2006) .
Permethylation
Permethylation was performed using the sodium hydroxide procedure as described previously (Dell et al. 1993; Sutton-Smith and Dell 2006) .
Mass spectrometry
MS and MS/MS data were acquired using a 4800 MALDI-TOF-TOF (Applied Biosystems, Darmstadt, Germany) mass spectrometer. Permethylated samples were dissolved in 10 μL of methanol and 1 μL of dissolved sample was premixed with 1 μL of matrix (20 mg mL −1 2,5-dihydroxybenzoic acid (DHB) in 70% (v/v) aqueous methanol), spotted onto a target plate (2 × 0.5 μL), and dried under vacuum. The collision energy was set to 1 kV, and argon was used as collision gas. The 4700 Calibration standard kit, calmix (Applied Biosystems), was used as the external calibrant for the MS mode and [Glu1] fibrinopeptide B human (Sigma-Aldrich) was used as an external calibrant for the MS/MS mode.
Analyses of MALDI data
The MS and MS/MS data were processed using Data Explorer 4.9 Software (Applied Biosystems, Warrington, UK). The spectra were subjected to manual assignment and annotation with the aid of the glycobioinformatics tool GlycoWorkBench (Ceroni et al. 2008) . The proposed assignments for the selected peaks were based on 12 C isotopic composition together with knowledge of the biosynthetic pathways. The proposed structures were then confirmed by data obtained from MS/MS and linkage analysis experiments.
Gas-chromatography -mass spectrometry (GC-MS) linkage analysis
Partially methylated alditol acetates (PMAA) were prepared as previously described (Dell et al. 1993; Sutton-Smith and Dell 2006) . Linkage analysis of PMAA was performed on a Perkin Elmer Clarus 500 instrument fitted with a RTX-5 fused silica capillary column (30 m × 0.32 mm i.d.; Restek Corp.). All samples were dissolved in 50-250 μL of hexanes (Sigma) and injected manually (1-2 μL) to the injector set at 250
• C. A linear gradient oven temperature was set as follows: initially the oven was heated at 65
• C for 1 min, and then heated to 290
• C at a rate of 8
• C per min, held at 290
• C for 5 min and finally heated to 300
• C at a rate of 10 • C per min.
Standards for linkage analysis
The standards compounds C1160 and L604 (Dextra Laboratories, UK) were used to confirm the retention time and the fragmentation spectra of the 2,4,6-linked mannose and 3,6-linked galactose residues respectively. Both standard compounds were permethylated and then subjected to PMAA analysis as stated previously in this section.
Statistical analysis
Data were plotted as the mean of the number (n) of samples analyzed ± the standard error unless otherwise indicated. The student's t-test was used to calculate indicated p values.
Supplementary Data
Supplementary data for this article is available online at http://glycob.oxfordjournals.org/. 
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